Hormonal regulation of de novo shoot bud formation in leaf explants of mangosteen has been studied from a developmental perspective. This analysis indicates that at least three discrete, experimentally distinguishable developmental states, namely, morphogenic competence, caulogenic determination and organ differentiation, were expressed during shoot bud morphogenesis. The state of morphogenic competence in leaf tissues was expressed maximally between days 10 and 12 of leaf development. Competent cells in explants required a minimum of 6 days of BA treatment (20 fM) to become caulogenically determined. Such determined cells would continue shoot organogenesis on medium devoid of growth regulators. Delaying of BA exposure for as short as 2 days caused a dramatic decline in tissue competence. The state of competence and the process of caulogenic determination were adversely affected by IAA, but were insensitive to ethylene or its precursor, ACC. Shoot bud differentiation was greatly enhanced by BA, but selectively delayed by ethylene. IAA also showed an inhibitory effect on shoot bud differentiation, but not mediated through ethylene. The distinct roles of auxin, cytokinin and ethylene on the regulation of shoot bud development in mangosteen leaf explants have been discussed on the basis of the current understanding of the concept of tissue competence, determination and differentiation.
Since the early observation of Skoog and Miller (1957) that organogenesis was regulated by the balance of auxin and cytokinin in the culture medium, much progress has been made in identifying factors that control plant morphogenesis. These regulatory factors include both naturally occurring and synthetic plant growth substances as well as various environmental stimuli (George and Sherrington 1984) . In most of the early studies, attention has been foAbbreviations: ACC, 1-aminocyclopropane-l-carboxylicacid; AVG, aminoethoxyvinylglycine; BA, N 6 -bezyladenine; BM, basal medium; SRM, shoot regeneration medium. cused on establishing the requirement of various plant growth substances and mineral nutrients for different organogenic processes (Murashige 1974 , Gamborg et al. 1977 . More recently, a number of investigations on organogenesis have been conducted from a physiological perspective to understand various cellular processes associated with organogenesis (Tran Thanh Van and Trinh 1986, Thorpe 1993) .
In plants, cells and tissues undergoing organogenesis pass through three discrete, experimentally distinguishable, developmental states: the states of morphogenic competence, developmental determination and morphological differentiation (Christianson and Warnick 1983) . By definition, a state of morphogenic competence connotes "the ability to recognize a morphogenic signal which triggers a particular developmental pathway" (Hicks 1994) . Such competent cells become developmentally determined following induction, a process by which a morphogenic signal acts on competent cells to alter their developmental fate. Developmentally determined cells enter into a state of differentiation in which tissue organization becomes apparent. Analysis of the states of competence, determination and differentiation associated with shoot bud organogenesis has been carried out only in the leaf culture of Convolvulus arvensis (Christianson and Warnick 1983 , 1985 , although some attempts were made to characterize these developmental states during floral transition in some plant species (McDaniel et al. 1992) . Leaf culture system of C. arvensis (Christianson and Warnick 1983) , however, is complex, as it requires callus production and different media manipulations for organogenesis to occur. A callus-free experimental system with a single medium for a specific organogenic process, thus, would be the most appropriate for developmental analysis (Hicks 1994).
As part of our investigations on the molecular aspects of shoot bud differentiation, we have developed a high frequency direct shoot bud regeneration system using leaf explants of a tropical fruit tree, Garcinia mangostana (mangosteen) (Goh et al. 1994 ). This study demonstrated that the cytokinin N 6 -benzyladenine (BA), in the presence of a wound response, could trigger shoot bud regeneration. Our recent studies showed that, besides BA, ethylene and auxin also play important roles in controlling shoot bud differentiation in mangosteen leaf explants (Ng 1995) .
Plant growth substances influence in vitro organ differentiation in different species in diverse ways (George and Sherrington 1984) . At present little is known about the specific regulatory role(s) of various growth substances in morphogenesis (Mohnen et al. 1990, Lyndon and Francis 1992) . In order to gain more insight into the roles of auxin, cytokinin and ethylene in shoot bud morphogenesis, we studied the different developmental states associated with shoot bud regeneration in mangosteen leaf tissues and the roles of these growth substances in various developmental states.
Materials and Methods
Plant material and shoot regeneration conditions-Young, 12 day-old, red leaves (1.5-2.0 cm long) of Garcinia mangostana obtained from in vitro shoot cultures maintained under the culture condition described earlier (Goh et al. 1994) were used as the source of explants, unless otherwise specified. Preparation of leaf explants (2 mm long) for shoot regeneration was carried out according to the procedure described earlier (Goh et al. 1994) . Basal medium (BM) was woody plant medium (Lloyd and McCown 1981) supplemented with 20 g liter" 1 sucrose and 2.5 g liter"' phytagel. Shoot buds were regenerated on BM enriched with 20 MM BA shoot regeneration medium (SRM). Shoot buds were considered to have developed when protuberances differentiated visible lips of leaf primordia.
Identification and characterization of developmental states of competence, determination and morphogenic differentiation associated with shoot bud regeneration-To assess the state of morphogenic competence, explants from leaves at different developmental stages (6, 10, 12, 15 and 18 day-old) were cultured on SRM for 50 days. The stability of the state of competence was determined by culturing leaf segments from 12 day-old leaves on BM for 0, 2, 4 or 8 days, and then transferred to SRM for shoot bud regeneration.
To determine the temporal framework of induction, the onset of caulogenic determination and the time at which shoot differentiation occurred, leaf segments were cultured on SRM for 0, 3, 5, 6, 9, 12 or 18 days and transferred subsequently to BM. Leaf segments cultured on SRM throughout for 50 days served as the control. To study the role of ethylene and auxin on the regulation of developmental states of competence and determination, a 9 day induction period which caused 25% cultures to regenerate shoot buds was used for the test; leaf explants were cultured on SRM containing 50 ftM ACC for the initial 2, 4 or 6 days and subsequently on SRM until day 9. These cultures were then subcultured on BM for the remaining culture period. In another experiment, leaf explants were cultured with 2 fiM IAA for the initial 2 days or from day 2 to 6 during the first 9 days of culture on SRM, and then transferred to BM until the end of the experiment. Effects of ethylene and IAA on differentiation phase were studied by subculturing caulogenically determined leaf explants (leaf segments cultured on SRM for 9 days) onto BM supplemented with 50 ^M ACC or 2 ^M IAA from day 10 to 18, followed by BM for the rest of the culture period. In a parallel experiment, leaf segments were cultured on SRM and segments with protuberances (observed after 12 days of culture) of different ages (0, 5 and 10 days old) were transferred to SRM supplemented with 50 ^M ACC in sealed culture flasks with rubber septa stoppers.
The possibility of ethylene involvement in auxin-induced inhibition of shoot bud induction was examined by culturing leaf explants on SRM containing 2 nM IAA and 0.5 /iM AVG for the initial 2 days or from day 2 to 9 during the 9 day period of shoot induction. These cultures were subsequently transferred to BM for shoot bud production.
Experimental design and statistical analysis of data-All experiments were of the completely randomized design and repeated at least once. Each treatment consisted of 15-30 replicates and each replicate comprised of 6 proximal leaf segments from the same leaf. Percentage of explants producing shoot buds and the number of shoot buds produced per leaf were determined for all the experiments. Data were subjected to one way analysis of variance (ANOVA) and Tukey's test, using Minitab Statistical Software (Clecom, Edgbaston, Birmingham, U.K.).
Results

Developmental states associated with shoot bud regeneration
Developmental age and the state of morphogenic competence-The age of the leaf had a profound influence on the expression of morphogenic competence (Table 1) . Nearly 80-90% of the explants from 10-12 day old leaves were morphogenically competent, compared to only 28% and 12% of the explants derived from 6 and 15 day-old leaves, respectively. In addition, 10-12 day old leaves produced significantly more shoot buds than the leaves of other developmental ages. Delaying of culture on SRM resulted in the disappearance of morphogenic competence of the explant (Table 2) . A delay of as short as 2 days caused 80% decline in caulogenesis (Table 2) . Culturing leaf segments for the initial 4 days on BM rendered the explants completely incompetent to respond caulogenically to BA treatment (Table 2) .
Induction, caulogenic determination and shoot bud differentiation-To identify the time-frame of induction, caulogenic determination and shoot bud differentiation associated with shoot bud regeneration, leaf segments were cultured on inductive medium for different duration and then transferred to non-inductive BM. Competent leaf cells required a minimum of 6 days of induction (BA treatment) to become caulogenically determined (Table 3) . Longer exposure of leaf segments to BA considerably enhanced the level of caulogenic determination as shown by the increased percentage of explants producing shoot buds as well as the number of shoot buds formed per leaf at the end of 50 days of culture on SRM (Table 3) . A culture period of 18 days on SRM was sufficient to yield maximal morphogenic response under the culture conditions employed in this study (Table 3) .
Continued culture on BA medium was not required for shoot bud differentiation, as caulogenically determined leaf explants subcultured on BM also produced shoot buds. Following 6-day inductive treatment, caulogenically determined cells required an additional 18 days to differentiate into shoot buds in BA-free medium (Table 3) . However, presence of BA during bud differentiation greatly reduced the time required for shoot bud emergence (Table 3) . Shoot buds were differentiated from day 16 onwards when cultures were grown continuously on SRM (Table 3) .
Regulation of different developmental states by ACC and IAA-In the absence of ACC or IAA, a 9-day exposure of leaf explants to SRM resulted in shoot bud emergence in a few leaf segments on day 20; and the number of morphogenic explants increased to 23% at the end of 50 days of culture (Table 4 ). The presence of ACC (50 fiM) during the first 6 days of culture had little effect on shoot bud regeneration (Table 4) . However, shoot bud regeneration was markedly delayed by about 8 days when induced explants were exposed to ACC during the period of shoot bud differentiation (Table 4 ). The percentage of explants producing shoot buds in ACC-treated cultures was comparable to that of control at the end of the experiment (Table 4) .
When explants with protuberances newly initiated in SRM after 12 days of culture were transferred to medium Table 3 with 50 fiM ACC, shoot bud differentiation took a period of 21 days (Table 5 ). When older protuberances (5-day old or older) were transferred to ACC containing SRM, shoot buds were differentiated in 6 days. At the end of the whole culture period (including incubation time on both SRM and SRM supplemented with 50 ^M ACC) of about 7 weeks, a high percentage (83-100%) of explants regenerated shoot buds. This was observed in protuberances of all the 3 different ages.
In contrast, the addition of IAA (2 /iM) to SRM, for as short as the initial 2 days of culture, delayed bud emergence and dramatically reduced shoot bud formation (Table 4 ). This inhibition of shoot bud regeneration could not be reversed by the incorporation of ethylene inhibitor AVG (0.5 ^M) in the IAA-containing SRM (data not presented). IAA application during shoot bud differentiation also resulted in a considerable delay in shoot bud emergence during 50 days of culture ( Table 4) .
Discussion
Analysis of developmental states associated with shoot bud regeneration in mangosteen leaf tissues showed that leaves acquire morphogenic competence at a young age and reached the maximum at days 10-12. This competence state was found to be transient, expressed maximally only for a few days, and any aging or delay in induction would reduce the competency. This is in contrast to earlier observation in C. arvensis (Christianson and Warnick 1983) and alfalfa (Finstad et al. 1993) where explants attained morphogenic competence as a result of culture manipulations. In Paulownia, explants from all fully expanded leaves were responsive to treatment for shoot bud regeneration (Rao et al. 1993 ). The exact mechanism by which explants entered into a morphogenically competent state in these systems is not known. In a recent study, Pedroso and Pais (1994) observed a characteristic fluctuation of the endogenous level of certain inorganic elements, particularly Ca, Mg, S, P and Fe, during the development of morphogenic competence in Camellia japonica leaves. On the other hand, alfalfa petiole explants (Finstad et al. 1993 ) acquired competence in the presence of various auxins, while a medium containing both auxin and cytokinin was required for the development of morphogenic competence in C. arvensis leaf explants (Christianson and Warnick 1983) . Leaf explants of mangosteen could not acquire morphogenic competence in vitro (Goh et al. 1988 (Goh et al. , 1990 . However, since the presence of IAA, even for a short duration, caused a significant decline in caulogenic response (Table 4) , auxin may affect negatively the maintenance or the expression of the state of competence in mangosteen leaf explants. Indeed, shoot bud regeneration was totally suppressed when the leaf explants were cultured in auxin-containing medium (1-2 ^M) throught the 50 days of culture without callusing (Goh et al. 1994) . (In contrast, the competence state of the explants was not affected by ethylene, for shoot bud production in both control and ACC-treated cultures were similar (Table 4) . These findings clearly suggest that, in mangosteen leaf explants, the state of morphogenic competence is differently regulated by different growth substances.
In the present study, a continuous 6 day exposure to BA was needed to induce caulogenesis (Table 3) . Thus, an induction period of 6 days is required for fully competent cells to enter into a caulogenically determined state. The caulogenically determined cells took another 6 days to develop into protuberances and, after a further 12 days, these protuberances were differentiated into shoot buds with leaf primordia (Table 3 ). The requirement of a minimal period of inductive treatment for shoot bud formation has been reported for alfalfa (Finstad et al. 1993) , C. arvensis (Christianson and Warnick 1983) and Pinus strobus (Flinn et al. 1988) . In mangosteen, competent cells although become caulogenically determined with 6 days of induction, shoot buds emerged only on day 24, suggesting that, on BM, caulogenically determined cells needed 18 days for differentiation of shoot buds. This shoot bud differentiation time was greatly reduced (from 18 to about 10 days) when leaf explants were cultured continuously in the presence of BA (Table 3 ). This reduction in shoot bud differentiation time could be, at least in part, attributable to accelerated growth usually accompanied by BA application (Binns 1994) . However, in a recent examination of developmental states associated with flowering, McDaniel et al. (1992) have concluded that cytokinins specifically regulate different developmental states associated with floral transition in angiosperms. Analysis of shoot bud regeneration in alfalfa (Finstad et al. 1993) , C. arvensis (Christianson and Warnick 1983) and P. strobus (Flinn et al. 1988) , nonetheless, did not provide any evidence of the involvement of cytokinin in the regulation of developmental states other than caulogenic determination. Our findings that BA is specifically needed for caulogenic determination and that it can modulate the duration of shoot bud differentiation point towards a multifunctional role for BA in shoot bud formation in mangosteen leaf tissues.
It is interesting to note that increasing the duration of BA exposure, at least until day 18, gradually increased the number of morphogenic explants as well as the number of shoot buds produced per explant during the 50 days of culture. This contrasts with the observations on C. arvensis (Christianson and Warnick 1983) in which most of the competent cells become determined within a period of 24 h, i.e. between days 7 and 8 after culture initiation. Although little is known about the early events leading to shoot bud formation, it is established that only specific target cells, capable of receiving morphogenic stimuli like BA, can enter into organogenic pathway (Osborne 1984 , Flinn et al. 1988 . These target cells could exist in different levels of competence and thus required either long periods of exposure to triggering agent(s) to become fully competent or different durations of induction to become morphogenically determined (Battey and Lyndon 1988, Lyndon 1990) . Determination can therefore occur independently in each of the individual target cells. With P. strobus Flinn et al. (1988) have shown that BA treatment can enhance the morphogenic competence of the target cells. It is, therefore, very probable that the increased level of caulogenesis with increased BA exposure observed in mangosteen leaves could be the reflection of the presence of target cells at different levels of organogenic competence.
An important observation made in this study was the specificity of ethylene in regulating a particular developmental state during shoot bud regeneration in mangosteen. Among the three developmental phases, only shoot differentiation phase is sensitive to ethylene. Hence, the presence of ACC during the differentiation phase markedly delayed shoot bud formation, but had no effects during other developmental stages (Table 4) . Indeed, only newly initiated protuberances of less than 5-day old appeared to be the morphogenic stage at which ethylene exerted its delaying effects (Table 5) . Thus, the morphogenic stage at which ethylene inhibited regeneration appeared to be during the period from 9 to 16 days in culture. Most of the previous reports on the role of ethylene in in vitro morphogenesis implicate ethylene in cell recalcitrancy (Biddington 1992) , but how ethylene regulates meristem formation and shoot morphogenesis is still obscure. Available evidence indicates that ethylene enhances dissociation of cells in compactly packed meristematic tissues (Hsu and Stewart 1976, Kumar and Thorpe 1989) and delays histogenesis (Wochok and Wetherell 1971, Abeles et al. 1992) . While examining the structural organization of shoot meristem during white spruce somatic embryo maturation, Kong and Yeung (1994) noted severe structural disruption in the shoot pole and delayed conversion of embryos in ethylene treated cultures. It is known that auxin polar transport is essential for proper establishment of polarity and normal development of shoot meristem as well as embryos (Cambecedes et al. 1992 , Liu et al. 1993 . Since ethylene is a strong inhibitor of auxin polar transport (Goldsmith 1977 , Suttle 1988 , it might well be that the ethylene-induced delay in shoot bud differentiation was somehow affected by auxin gradient or concentration in the differentiating tissues.
In conclusion, the present study elucidated the temporal framework and certain regulatory aspects of the developmental states of competence, caulogenic determination and morphological differentiation associated with shoot bud development in mangosteen leaf explants. Although these developmental states have been measured and characterized in some detail in leaf explants of C. arvensis Warnick 1983, 1984) , the regulation of individual developmental states by different growth regulators, as observed in this study, is reported for the first time. As the attainment of these developmental states is a consequence of hormone action, specific patterns of gene expression might characterize each of these developmental states and, molecular analysis of these different states would ultimately lead to a better understanding of shoot organogenesis and organ formation.
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